Radiation is the primary modality of therapy for all commonly occurring malignant brain tumors, including medulloblastoma and glioblastoma. These two brain tumors, however, have a distinctly different response to radiation therapy. Medulloblastoma is very sensitive to radiation therapy, whereas glioblastoma is highly resistant, and the long-term survival of medulloblastoma patients exceeds 50%, while there are few long-term survivors among glioblastoma patients. p53-mediated apoptosis is thought to be an important mechanism mediating the cytotoxic response of tumors to radiotherapy. In this study, we compared the response to radiation of five cell lines that have wild-type p53: three derived from glioblastoma and two derived from medulloblastoma. We found that the medulloblastoma-derived cell lines underwent extensive radiation-induced apoptotic cell death, while those from glioblastomas did not exhibit significant radiation-induced apoptosis. p53-mediated induction of p21 BAX is thought to be a key component of the pathway mediating apoptosis after the exposure of cells to cytotoxins, and the expression of mRNA encoding p21 BAX was correlated with these cell lines undergoing radiation-induced apoptosis. The failure of p53 to induce p21 BAX expression in glioblastoma-derived cell lines is likely to be of biologic significance, since inhibition of p21 BAX induction in medulloblastoma resulted in a loss of radiation-induced apoptosis, while forced expression of p21 BAX in glioblastoma was sufficient to induce apoptosis. The failure of p53 to induce p21 BAX in glioblastomaderived cell lines suggests a distinct mechanism of radioresistance and may represent a critical factor in determining therapeutic responsiveness to radiation in glioblastomas.
Radiation therapy is used extensively in the primary management of patients with medulloblastoma (MB) and glioblastoma (GBM). The response to radiation of these two central nervous system tumors differs dramatically, however. MBs are considered radiosensitive and, after treatment, the 5-year survival of patients is greater than 50% (1) (2) (3) (4) . In contrast, GBMs are radioresistant and long-term survivors with this diagnosis are very rare (5, 6) . Dee et al. have shown previously that p53-mediated apoptosis is an important response of MB cell lines to radiation (7) . Although chromosome 17p alterations are seen in MBs, p53 is very rarely altered in these tumors (8) (9) (10) . Unlike MBs, approximately 40-60% of GBMs have p53 mutations (11) (12) (13) , suggesting that the lack of p53-mediated apoptosis may be a significant factor in determining the response of these tumors to irradiation and treatment outcome. No strong correlation, however, between a functional p53 and the cytotoxic response of GBM-derived cell lines to irradiation has been identified in vitro (14) (15) (16) . Also, no consistent or convincing correlation between the presence of a p53 mutation and the outcome of GBM patients treated with radiation has been observed (17, 18) . The wide variation in radiation-induced apoptosis in different tumor types is well illustrated by the differential apoptotic response of MBs and GBMs to radiation. MBs undergo extensive apoptosis after irradiation (7) , and most GBMs exhibit little radiation-induced apoptosis (14, 15) .
The identification of many proteins that modulate apoptosis within a cell has provided insights into the molecular events important for mediating radiation-induced apoptosis. Proteins encoded by the BCL-2 gene family are among the best characterized of these (for reviews see refs. 19 and 20) . Products of this gene family can act either as promoters (e.g., p21
BAX , bcl-xS, etc.) or inhibitors (e.g., bcl-2, bcl-xL, etc.) of apoptosis. A balance between the expression of these functionally antagonistic proteins is thought to determine whether a cell survives or undergoes an apoptotic death. The P53 tumor suppressor also plays a key role in regulating apoptosis, especially in the setting of radiation exposure (21) (22) (23) (24) (25) . p53 is a very short-lived transcriptional activator that, when stabilized, can induce apoptosis (26) . While transcriptionindependent mechanisms for p53-dependent apoptosis have been recognized, the apoptotic response of tumor cells to irradiation is thought to be closely related to the ability of p53 to activate transcription (27) (28) (29) (30) . The BAX gene recently has been shown to contain a p53-responsive element in its promoter (31) . This makes it an attractive candidate as a downstream effector of p53-dependent apoptosis. Consistent with this possibility is the observation that some naturally occurring p53 mutants that have selectively lost the ability to activate transcription of BAX also appear to have lost the ability to induce apoptosis in many cell types (32, 33) . Other bcl-2 family members also have been reported to be modulated by p53 after radiation exposure (34, 35) .
Because the disparate apoptotic responses to radiation of MB and GBM cell lines appear to correlate with the observed clinical responses of these different tumors, the degree of radiation-induced apoptosis may be an important determinant of the initial response to therapy or even the ultimate outcome of patients with these tumors who are treated with radiation therapy. Understanding the molecular basis for the resistance of GBM cell lines to radiation-induced, p53-dependent apoptosis may provide insight into the clinical radioresistance of these tumors as well as suggesting future therapeutic interventions aimed at enhancing the apoptotic response. Because of these potential clinical implications, we sought to better understand the highly variant apoptotic response of MB-and GBM-derived cell lines to radiation. We observed that apoptosis is induced by ionizing radiation in MBs but not GBMs, even when p53 was not mutated and functioned normally to induce a G 1 cell cycle arrest after irradiation. The differential apoptotic response of cell lines derived from these tumors correlates with the ability of p53 to induce expression of proapoptotic p21 BAX . When p53 activity in MBs was repressed to varying extents through overexpression of a dominantnegative p53 mutant, the reduction in radiation-induced, p53-dependent apoptosis correlated with degree of reduction in p21 BAX expression. Consistent with these observations, overexpression of p21 BAX in a GBM cell line that did not undergo apoptosis after exposure to radiation resulted in high levels of apoptosis.
MATERIALS AND METHODS
Cell Culture, Transfections, and Treatment with Ionizing Radiation. The GBM cell lines U87, U343, and U563 and the MB cell lines D283, DAOY, and SNB40 were all cultured in DME H-21 medium (GIBCO͞BRL) supplemented with 10% fetal calf serum͞100 g/ml streptomycin͞100 units/ml penicillin G. The MB cell line D341 was cultured in MEM with Earle's BSS (GIBCO͞BRL) supplemented with nonessential amino acids, 1 mM sodium pyruvate, 15% fetal calf serum, 100 g/ml streptomycin, and 100 units/ml penicillin G. The GBM cell lines were cultured as adherent cells, while the MB cell lines were cultured in suspension. Stable transfection of D283 using Lipofectamine (GIBCO͞BRL) with plasmid DNA encoding a dominant-negative mutant of p53 (point mutation at codon 175) has been described previously (7) . Transient transfection of U343 was accomplished by using Lipofectin (GIBCO͞BRL) according to the manufacturer's recommendations. pEGFP-N1 (CLONTECH), an expression plasmid containing green fluorescent protein (GFP), was cotransfected with DNA from either the expression vector pcDNA-3 (Invitrogen) or pcBAX, a pcDNA-3 derivative containing a murine bax cDNA at a ratio of 1:3 (GFP͞pcDNA-3, wt͞wt). GBM or MB cells (4-5 ϫ 10 6 ) in approximately 10 ml of media in a 10-cm Petri dish were treated on a Philips RT-250 x-ray machine by 250-kVp x-rays at a dose rate of 250 cGy͞min.
Apoptosis Assay. Cells were harvested at the designated times postirradiation or posttransfection. Adherent cells were collected after trypsinization. For the detection of apoptosis, cells were fixed for a minimum of 1 hour in 70% EtOH at 4°C. The fixed cells were washed in PBS and incubated in PBS containing 2.5 g͞ml propidium iodide (PI) and 50 g͞ml RNase A. The PI-stained cells were analyzed by flow cytometry on a FACSort using CELLQUEST software (Becton Dickinson), and the percentage of cells with subdiploid DNA content was determined. Based on preliminary experiments, the subdiploid fraction was designated as apoptotic. A minimum of 2 ϫ 10 4 cells were counted per experiment. After transient transfection of DNA encoding p21 BAX and GFP, cells were fixed with 1% paraformaldehyde in PBS for 30 min on ice, washed in PBS, and fixed with cold 70% EtOH for 1 hr on ice. The cells were then processed as described above with separate histograms generated for cells in which transfected DNA could be detected (GFP-positive) and those in which it could not be detected (GFP-negative). A minimum of 2 ϫ 10 5 cells was counted per each transient transfection experiment.
Western Blotting. Total cellular protein was prepared by lysing cells that had been treated as indicated in the text and washed with PBS. RIPA buffer (50 mM Tris⅐Cl, pH 7.4͞150 mM NaCl͞1% Nonidet P-40͞0.5% deoxycholic acid͞0.1% SDS) supplemented with protease inhibitors (1 mM EDTA͞ 100 g/ml phenylmethylsulfonyl fluoride͞10 g/ml aprotinin͞10 g/ml leupeptin) was used, and lysis was performed on ice. Protein concentration was quantitated by a Bradford protein assay (Bio-Rad). One hundred micrograms of total cellular protein was fractionated by SDS͞PAGE and electrotransferred to Immobilon-P (Millipore) by standard techniques. Immunoblotting was performed using 5% nonfat dry milk in PBS containing 0.1% Tween-20 as the blocking agent. Filters were blocked overnight at 4°C. Anti-p21 WAF1 antibody (C-19, Santa Cruz Biotechnology) was used at a concentration of 0.1 g͞ml in blocking solution. Primary antibody incubation was for 1 hr at room temperature. Filters subsequently were washed five times for 10-15 min per wash in PBS containing 0.1% Tween-20. Goat anti-rabbit IgG antibody conjugated to horseradish peroxidase (GIBCO͞BRL) was used per the manufacturer's recommendation. After the secondary antibody incubation, filters were washed again as described above. Detection was performed by enhanced chemiluminescence (ECL; Amersham) according to the manufacturer's recommendation by using Hyperfilm ECL (Amersham). Detection of p53 by immunoblotting has been described previously (7) .
Northern Blotting and Densitometry. After the designated treatments, total RNA was isolated from cells by ultracentrifuge pelleting through cesium chloride using standard techniques. Twenty micrograms of total RNA was fractionated through a 1% formaldehyde agarose gel and transferred to Nytran (Schleicher & Schuell) by standard techniques. Serial probing of the Nytran membranes with cDNAs for human p21 BAX , bcl-2, bcl-x, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) labeled with [ 32 P]dCTP using Rediprime (Amersham), a random primer-labeling kit, was performed according to the manufacturer's recommendations. The membranes were stripped between each successive probing. The hybridization was performed by preincubating the membranes with a solution containing 50% formamide͞5ϫ SSPE (20ϫ ϭ 3.0 M NaCl͞0.2 M NaH 2 PO 4 ͞20 mM disodium EDTA, pH to 7.4 using NaOH), 5ϫ Denhardt's reagent (100ϫ ϭ 2% Ficoll type 400͞2% polyvinylpyrrolidone͞2% BSA fraction V), 0.1% SDS, and 100 g͞ml denatured salmon sperm DNA at 42°C for a minimum of 3 hr. 32 P-labeled DNA was added at a minimum concentration of 1 ϫ 10 6 cpm͞ml, and the membranes were incubated for a minimum of 20 hr at 42°C. Membranes were washed at high stringency before exposure on either Hyperfilm MP (Amersham) or Reflection autoradiography film (NEN). Densitometry of the autoradiograms was performed by using the IS-1000 Image Analysis System (Alpha Innotech, San Leandro, CA).
RESULTS

Radiation-Induced Apoptosis in MB and GBM Cell Lines
That Contain Wild-Type p53. Two MB cell lines (D283 and D341) and three GBM cell lines (U87, U343 and U563) were examined. In each of these cell lines, a functional, wild-type p53 has been characterized previously and the response of some of these cell lines to irradiation has been reported previously (refs. 7, 13, 14, and 36; unpublished data). To confirm the presence of wild-type p53 in these cell lines, we probed for the induction of p21 WAF1 after exposure of each of these cell lines to radiation. The p21 WAF1 promoter has a strong p53-responsive element (37) , and this gene is induced after radiation in the presence of wild-type p53 function (38) . In each case, after exposure to 5 Gy ionizing radiation, the level of p21 WAF1 protein increased compared with the untreated controls (Fig. 1A) . The induction of p21 WAF1 expression correlated with the induction of a G 1 cell cycle arrest, which was detectable as early as 2 hr after irradiation (ref. 7 ; data not shown). We next examined the induction of apoptosis in these cell lines after exposure to radiation. Each of the five cell lines was treated with either 0 or 5 Gy ionizing radiation. Two days after the treatment, cells from each of the samples were fixed and DNA content was measured after staining with PI. Since apoptotic cells undergo extensive DNA fragmenta-tion, they have a decreased DNA content and appear in the subdiploid fraction. The percentage of cells that have undergone apoptosis was determined by fluorescence-activated cell sorter counting of cells with subdiploid DNA content divided by the total number of cells present. Histograms plotting the amount of PI fluorescence and cell number after treatment with 0 Gy or 5 Gy are shown for representative GBM-and MB-derived cell lines U343 and D283, respectively (Fig. 1B) . At 2 days after irradiation, no detectable increase in the percentage of cells with subdiploid DNA content is seen in U343, while a clear increase in the percentage of cells with subdiploid DNA content is seen in D283 (Fig. 1B) . This assay was repeated in triplicate for each of the five cell lines (Fig.  1C) . Spontaneous apoptosis in the GBM cell lines ranged from 0.1 to 2.5% with no significant increase after radiation, while spontaneous apoptosis in the MB cell lines ranged from 8 to 16% with increases to 34-42% after 5 Gy (Fig. 1C) . These results were confirmed qualitatively by using a terminal deoxynucleotidyltransferase assay to examine the U343 and D283 cell lines (data not shown).
Induction of BAX Correlates with Radiation-Induced Apoptosis. We sought to assess the expression of bcl-2 family members after irradiation of these cell lines. A p53-responsive element in the promoter of the proapoptotic gene BAX has been described previously (31) . In addition, expression of the antiapoptotic gene BCL-2 has been shown to be repressed after p53 activation in some cell types (34) , and the balance of proapoptotic and antiapoptotic family members is thought to be important in determining whether or not a cell undergoes apoptosis (39) . Expression of BCL-XL, another antiapoptotic gene product, has also been reported to be altered after irradiation, although the mechanism regulating expression is unknown (35) . Therefore, we examined the expression levels of BAX, BCL-2, and BCL-X in the GBM and MB cell lines after exposure to ionizing radiation. We treated the three GBM and two MB cell lines with 5 Gy ionizing radiation, and RNA was harvested at 0, 6, and 24 hr after exposure. Northern blots were then serially probed with cDNA for p21 BAX , bcl-2, bcl-x, and GAPDH. We were not able to detect an induction of p21 BAX mRNA in any of the GBM-derived cell lines, while the MB cell lines exhibited a significant induction after radiation treatment ( Fig. 2A) . We could not identify a consistent pattern of change in bcl-2 or bcl-x mRNA expression after irradiation (data not shown). To quantitate the degree of bax induction, densitometry was performed on autoradiograms of bax and GAPDH Northern blots from three independent experiments. GAPDH expression was used for normalization. The level of induction of p21 BAX mRNA in D341 and D283 ranged from 4-to 6-fold, while no significant induction of p21 BAX mRNA was evident in U87, U343, and U563 (Fig. 2B) .
Expression of Dominant-Negative p53 in D283 Antagonizes Radiation-Induced Apoptosis and BAX Induction. Dee et al. nant-negative p53 mutant exhibited decreased radiationinduced apoptosis. We utilized two D283 clones transfected with a mutant p53 expression construct (mp53.1 and mp53.3) as well as a D283 clone transfected with only expression vector DNA (vec.1), which were described in that report (7) . We confirmed that the two clones expressing mutant p53 protein display a lower level of apoptosis after treatment with 5 Gy ionizing radiation when compared with the response of the vector-transfected clone (Fig. 3) (7) . mp53.1 had almost complete repression of the radiation-induced apoptosis (13% subdiploid fraction), while mp53.3 had a partial repression (27% subdiploid fraction) compared with that observed in the vec.1 clone, which showed a level of radiation-induced apoptosis similar to the parental D283 cell line (Figs. 1C and 3) . We next examined BAX induction after exposure to ionizing radiation in the three clones (mp53.1, mp53.3, and vec.1). As expected, the vec.1 clone shows a high level of p21 BAX mRNA induction, while the mp53.1 and mp53.3 clones show a reduced induction of p21 BAX mRNA (Fig. 4A) . Similarly, p21
BAX mRNA was not induced after irradiation in two additional medulloblastoma cell lines DAOY and SNB40 (Fig. 4B) , which we characterized previously as having a mutant p53. Densitometric analyses of autoradiograms of BAX and GAPDH Northern blots indicate that 24 hr after exposure to ionizing radiation, mp53.1 had complete loss of BAX induction and mp53.3 had a reduction in the degree of BAX induction, while vec.1 had normal BAX induction (Fig. 4 A and B ). These data demonstrate a correlation between the repression of p21 BAX mRNA and the extent of radiation-induced apoptosis in these transfected MB-derived cell lines.
Expression of p21 BAX in U343 Results in Apoptosis.
Since an otherwise functional p53 was not sufficient to induce p21 BAX expression in the GBM cell lines after exposure to ionizing radiation (Fig. 3) , we sought to determine whether apoptosis occurred with overexpression of p21 BAX in GBM cell lines. We first tested this hypothesis by transfecting U343 with either recombinant vector DNA that mediated expression of p21 BAX or the parental vector that does not contain p21 BAX cDNA. After selection in the presence of G418, the vector-transfected U343 developed many resistant colonies, while there were very few colonies in the bax-transfected U343 cultures and these did not express detectable p21 BAX mRNA from the recombinant vector (data not shown). While this result suggests that p21 BAX overexpression led to growth suppression (possibly by inducing apoptosis) in U343, it did not show that apoptosis definitively was involved. We therefore transiently cotransfected U343 with recombinant plasmids encoding p21 BAX and GFP. Since cells competent for gene transfer generally will acquire both expression constructs during the cotransfection procedure, the great majority of cells that express GFP will also express p21 BAX . When the degree of apoptosis in the GFP-negative and GFP-positive cells after transfection was examined, we found very few subdiploid cells among the GFP-negative U343 transfectants, while the GFP-positive U343 transfectants had a high subdiploid fraction (Fig. 5A) . Quantitation of apoptosis in the GFP-negative and GFP-positive population revealed 0.7 and 23.4% apoptotic cells among those not expressing or expressing p21 BAX , respectively (Fig. 5B) . GFP expression alone was insufficient to induce apoptosis in the U343 cells (Fig. 5B) . We interpret these data to indicate that p21 BAX expression can lead to apoptosis in the U343 GBM-derived cell line.
DISCUSSION
Despite the widespread use of radiation therapy for the treatment of GBM, the uniformly poor response of these tumors remains a critical problem in the management of these patients (5, 6). In contrast, MB patients enjoy a markedly better prognosis after treatment with radiation (1-4) . In previous studies, we have found that p53 function can enhance the clonogenic response of glioma-derived cells to irradiation (14) (15) (16) , although no corresponding change in the number of chromosomal aberrations was detectable (40) . In this study, we examined the response to irradiation of three GBM-derived and two MB-derived cell lines that each have wild-type p53 function to evaluate the differential effects of p53 function on apoptosis in these related, but different tumor types. We were unable to induce apoptosis in the GBM lines, but we induced significant levels of apoptosis in the MB lines after irradiation. In examining the expression of bcl-2 family members after irradiation, we found that p21 BAX mRNA levels increased in the MB cell lines after treatment with radiation but not in the GBM cell lines. In none of these cell lines examined were we able to detect significant bcl-2 mRNA expression. Furthermore, if the activity of p53 is repressed to varying extents in the D283 MB cell line, the degree to which apoptosis is repressed correlates directly with the repression of p21 BAX induction. Our finding that apoptosis was induced at a very high rate when p21 BAX was overexpressed in the U343 GBM cell line is consistent with this observation and indicates the importance of p21 BAX expression for apoptosis.
A p53-responsive element is found within the BAX promoter, and stabilization of p53 can increase the expression of p21 BAX in some cell types (31) . Given that p21 BAX overexpression alone is capable of inducing apoptosis in the U343 GBM cell line, we can expect that p53-mediated apoptosis would occur in GBMs if p21 BAX could be induced. Other investigators have observed that GBM cells lacking a functional p53 undergo BAX induction and apoptosis after transfer of a wild-type P53 gene, while such a transfer in GBM cells with endogenous wild-type P53 did not result in BAX induction and apoptosis (41, 42) . These findings confirm that the BAXmediated apoptosis pathway can be activated in p53Ϫ͞Ϫ GBM cells, but is inhibited in GBM cells with wild-type p53, further strengthening our interpretation that the lack of p21 BAX induction represents an important deficiency in the response of GBM cell lines to radiation. While in some normal cells types, radiation-induced, p53-dependent apoptosis can occur independent of BAX induction (23, 24, 43) , it is clearly important in many other normal and tumor cells in which this has been examined (44) (45) (46) (47) .
A number of possibilities may account for the lack of BAX induction in GBM cell lines. The GBM-derived cell lines may contain genetic mutations within the BAX locus that could alter the transcriptional induction or the stability of p21 BAX mRNA, but such alterations have never been reported and seem unlikely given the readily detectable basal levels of p21 BAX mRNA we find in each of the GBM-derived cell lines examined. A second hypothesis invokes the presence of an MB-or GBM-specific factor that modulates the ability of p53 to activate transcription of BAX either positively or negatively, respectively. Friedlander et al. (33) found that the p53 element within the BAX promoter differed from that of the WAF1 promoter in that the responsive element in BAX had a lower affinity for p53 than the responsive element in the WAF1 promoter. This result suggests a third possible mechanism in which a lower p53 activity is present in GBMs compared with MBs. In the GBM cells, the p53 activity may lie below the threshold required to fully transactivate the BAX promoter. Though possible, this mechanism seems less likely since even high levels of induced p53 expression after recombinant p53-expressing adenovirus infection does not lead to apoptosis or bax induction in glioma cells that contain an endogenous wild-type P53 gene (42) .
In addition to its potential role in mediating the ''intrinsic'' radioresistance of GBM, the differential activation of p21 BAX also suggests a potential mechanism by which cellular fate is determined after p53 activation. Two important functional consequences of p53 activation are the arrest of cells in the G 1 phase of the cell cycle and apoptosis (23, 24, 48, 49) . These functions complement each other in mediating the role of p53 as the ''guardian'' of the genome (50) . However, how a cell chooses to undergo G 1 cell cycle arrest or apoptosis is not clearly understood. Our findings suggest that p21 WAF1 , the mediator of G 1 arrest, is always activated by p53. However, whether G 1 arrest is ultimately manifested depends on whether proapoptotic p53 targets such as p21 BAX are also activated. If p21 BAX is induced, then apoptosis will result irrespective of the induction of G 1 arrest. If p21 BAX is not induced, p21 WAF1 will mediate the G 1 arrest phenotype without interference from proapoptotic p53 targets. Examination of the activation of p21 BAX in other cell types that respond to p53 activation by undergoing a G 1 cell cycle arrest rather than apoptosis would give further support to this mechanism for determining the cellular response to p53 activation.
The poor response of patients with GBM and other ''radioresistant'' tumors to irradiation remains a significant clinical problem. Defining the molecular basis of radioresistance therefore is a foremost question of oncologic and biologic research. Differential apoptotic response may well account for the observed differences in the clinical responsiveness of these tumors after treatment with radiation therapy. With a better understanding of this process, manipulation of specific cellular targets can be pursued to improve the radioresponsiveness of tumors. It is possible that the pathway for p21 BAX activation by the p53 may be such a target that eventually could improve therapeutic ratio and, ultimately, clinical outcome in this disease.
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